Fifty-six Trypanosoma cruzi stocks from Chile and neighboring countries and different hosts, humans, and Triatoma infestans and Mepraia sp., vectors of domiciliary and natural environments were characterized by using three molecular markers. These were cytochrome b (Cyt b) gene sequencing, minicircle DNA blotting, and hybridization with five genotype-specific DNA probes and nuclear analysis of 1f8 and gp72 by polymerase chain reaction-restriction fragment length polymorphism. The results with all three molecular markers are concordant, with minor limitations, grouping T. cruzi stocks into four discrete typing units (DTUs) (TcI, TcII, TcV, and TcVI). TcI and TcII stocks were heterogeneous. TcI and TcII stocks were clustered in two main subgroups determined by Cyt b gene sequencing and minicircle hybridization. However, TcV and TcVI stocks were homogeneous and not differentiated by Cyt b gene sequencing or minicircle DNA hybridization. The discriminatory power and limitations of the molecular markers are discussed, as well as the distribution of the four DTUs in the domiciliary and sylvatic transmission cycles of Chile and the limitations of each marker for molecular epidemiological studies performed with T. cruzi stocks rather than the analysis of direct T. cruzi samples from natural hosts.
Introduction
T rypanosoma cruzi, the etiologic agent of Chagas disease, infects 16-18 million people in Latin America (Moncayo 2003) . T. cruzi is mainly transmitted by bloodsucking reduviid bugs of the subfamily Triatominae (Deane 1964) . Although > 130 species of triatomine bugs have been identified, only some are competent vectors for T. cruzi (Lent and Wygodzinsky 1979) .
There is consensus that T. cruzi is a paradigm of the clonal evolution model (Tibayrenc et al. 1986 ). The geographical heterogeneity of the disease suggests that genetic variation of the host, the parasite, or both are important in establishing the clinical manifestations of the disease (Macedo and Pena 1998) . The variability of the parasite has been extensively studied by biological, biochemical, and molecular methods, and it may explain the varying clinical manifestations of Chagas disease (cardiac, megaesophagus, and megacolon) and the geographical differences in morbidity and mortality (Macedo et al. 2004 ). T. cruzi shows high genetic diversity, and a plethora of genetic markers have been used to stratify the species into various subdivisions, with greater or lesser levels of resolution depending on the markers used (Fernandes et al. 1998 , Telleria et al. 2006 , Llewellyn et al. 2009 ).
Different genetic analyses led an expert committee to designate two highly divergent major lineages as T. cruzi I and T. cruzi II (Anonymous 1999) . T. cruzi II has been partitioned into five sublineages (TcIIa-e) based on several genetic markers (Brisse et al. 2000 (Brisse et al. , 2001 . The discrete typing unit (DTU) was coined to classify T. cruzi populations, which correspond to set of strains that are genetically more similar to each other (Tibayrenc 1998) . The modern consensus is that six DTUs exist (TcI-TcVI) (Zingales et al. 2009 ). It is thought that TcI and TcII are the ancestral DTUs, whereas TcIII, TcIV, TcV, and TcVI are hybrids, the last two being the more recent (Westenberger et al. 2005) . In Chile, only TcI, TcII, TcV, and
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VECTOR-BORNE AND ZOONOTIC DISEASES
In T. cruzi, the mitochondrial DNA or kinetoplast DNA (kDNA) is composed of maxicircles and minicircles. The *22 kb maxicircles are all identical and are present in at least a dozen copies per cell. They carry the mitochondrial genes, including cytochrome genes (Westenberger et al. 2006a) . The other components of kDNA are the minicircles, with 10,000-20,000 copies/cell. The size and structure of the minicircles are species specific. T. cruzi minicircles have a size of 1.4 kbp and are composed of four conserved regions and four intercalated hypervariable regions (Avila and Simpson 1995) . It has been shown that T. cruzi clones have specific minicircle classes that define each DTU, by means of minicircle sequencing or hybridization (Macina et al. 1986 (Macina et al. , 1987 . In previous studies, the genetic polymorphism of several nuclear loci was analyzed by multilocus analysis (polymerase chain reaction-restriction fragment length polymorphism [PCR-RFLP] ) and multilocus sequencing in a sample representative of the diversity within T. cruzi (Machado and Ayala 2001 , Brisse et al. 2003 , Westenberger et al. 2005 , Rozas et al. 2007 , Lewis et al. 2009 , Cura et al. 2010 .
Efforts to understand the genetic composition and population structure of T. cruzi may be justified by correlations with biological properties of the parasite, including geographical distribution, host specificity, and clinical outcome of infection. Although no global correlations have been found so far, there are many instances of local associations between parasite genetics and biomedical parameters (Tibayrenc 1998 , Campbell et al. 2004 .
In Chile, two triatomine genera transmit T. cruzi. Insects of the genus Mepraia (Mepraia spinolai, Mepraia gajardoi) are widely distributed in the sylvatic cycle, whereas Triatoma infestans transmit to humans and reservoirs (Galuppo et al. 2009 ).
This study was undertaken to apply different molecular markers to genotype T. cruzi stocks circulating in different transmission cycles of Chile. One of them, cytochrome b (Cyt b) gene sequencing, has a high resolution. This marker has the advantage that many sequences from T. cruzi stocks are available and useful for comparative purposes (Brisse et al. 2003 , Spotorno et al. 2008 , Marcili et al. 2009 , Subileau et al. 2009 ). The other kDNA marker was the minicircle, characterized by DNA blotting analysis with T. cruzi-specific probes. This method has been proved to be useful provided that different minicircle classes are present in different T. cruzi genotypes (Macina et al. 1987 , Coronado et al. 2006 , González et al. 2010 . Minicircles represent an abundant target that makes them one of the most sensitive to amplification by PCR. Finally, we studied the nuclear genes 1f8 and gp72; both allow accurate discrimination of the six DTUs (Rozas et al. 2007) .
The goal of this study is to test three molecular markers to genotype previously characterized T. cruzi stocks circulating in Chile and nearby countries. The Cyt b gene sequence is universal and easy to compare with available data. Minicircle hybridization, even though complex, has the advantage of working even with low parasite amounts. The method with two nuclear genes is easy to perform and to record the results. The results of the three different genotyping methods used here agree, with minor limitations, in the typing of the 56 T. cruzi isolates studied. Moreover, some genetic markers displayed higher discriminatory power, thus allowing subclassification of some DTUs. The implications for the study of molecular epidemiology of Chagas disease with each genetic marker are discussed.
Materials and Methods
Parasite stocks and extraction of genomic DNA A panel of 56 T. cruzi stocks representing the major DTUs circulating in Chile and nearby countries was selected. Most of them were previously genotyped by isoenzyme analysis (Table 1) . They originated from diverse localities in endemic areas and belong to both the sylvatic and domestic transmission cycles. Parasites were cultivated in Diamond's medium supplemented with 10% fecal calf serum at 28°C as previously described (Diamond 1968) . DNA was isolated from epimastigote cultures by phenol extraction.
Cytochome b gene sequencing PCR tests and primers targeting the 5¢-half of the Cyt b gene were used. The amplicon size is 573 bp. Sequences of primers were as follows: p18 (50-GAC AGG ATT GAG AAG CGA GAG AG-30) and p20 (50-CAA ACC TAT CAC AAA AAG CAT CTG-30) (Brisse et al. 2003) . Amplifications were performed for 35 cycles (94°C, 1 min; 50°C, 30 s; 72°C, 90 s) followed by a final elongation step (7 min, 72°C). The fragment was sequenced by using an external service (information at www.macrogen.com).
The sequences obtained were deposited in GenBank with accession numbers JF267928-JF267940.
Phylogenetic analysis of Cyt b gene
Sequences were edited using the program Bioedit 7.0.8.0 (Hall 1999) and aligned using Clustal W (Thompson et al. 1994) as implemented in Bioedit. After alignment, sites that showed nucleotide substitutions were re-examined by visual inspection of each individual's raw fluorogram data. Phylogenetic trees were inferred by the maximum likelihood (ML) by using the online platform PhyML 3.0 (Guindon and Gascuel 2003) . We first searched for the model of DNA substitution that best fitted the data using the Akaike Information Criterion (Akaike 1974) as implemented in the program JmodelTest 0.1.1 (Posada 2008 ), choosing the model GTR + G (G = 0.1130, -lnL = 3851.9282). Nodal supports were estimated by the bootstrap method (Felsenstein 1985) with 1000 replicates using PhyML 3.0 (Guindon and Gascuel 2003) . Nine previously determined sequences were included in the analysis: AO4F, 24tp18, 26tp18, 58p18, 54p18, and 5p18, with accession numbers EU559323-EU559329 (Spotorno et al. 2008) , Esmeraldo (AJ130931), TU18 (AJ130932), and Marinkele (AJ130927), which were used as outgroup.
Minicircle PCR
The PCR was performed as previously reported by using primers 121 (AAA TAA TGT ACG G (T/G) GAG ATG CAT GA) and S36 (GGG TTC GATTGG GGT TGG TGT), which anneal with the constant regions present in all minicircles, to amplify the variable regions of minicircle DNA (Sturm et al. 1989 , Wincker et al. 1994 . We initially heated the lid at 105°C for 2 min, 2 initial cycles of denaturation for 1 min at 98°C and 2 min 64°C, then ran 33 cycles of heating for 1 min at 94°C and 
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1 min 64°C, and a final extension step of 10 min at 72°C. The PCR products were analyzed by electrophoresis on 2% agarose gels for 2 h and visualized by staining with ethidium bromide. A 330-bp product indicated a positive result (Coronado et al. 2006) .
DNA blot hybridization analysis with minicircle DNA probes
These analyses were performed according to Coronado et al. (2006) . For T. cruzi genotyping, five different T. cruzi clones isolated in Chile (sp 104 cl1, CBB cl3, IVV cl4, NR cl3, and v195 cl1) corresponding to TcI, TcII, TcII, TcV, and TcVI, respectively, were used to generate genotype-specific probes. These represent the entire collection of variable region minicircle classes present in the T. cruzi clones; therefore, only the probes will hybridize with minicircle amplicons containing very similar minicircle composition. Construction of minicircle probes was performed to eliminate the constant region sequences and radio labeled as described (Veas et al. 1991 ).
PCR at nuclear loci
Amplification reactions were performed in a final volume of 50 lL. The reaction mixture was amplified using the following conditions: for 1f8, the primers 1F8sen (CTG GAG TTC CGT CTG ATG CTG) and 1F8anti (CAA CAA AGT CCT CGG AGC CCT) were used, we initially heated the lid at 105°C for 2 min, and then for 5 min at 95°C, followed by 35 cycles of 30 s at 94°C, 1 min at 65°C, and 1 min 72°C, with a final extension of 10 min at 72°C. The size of the amplicon is 950 bp. For gp72, the primers GP72sen (GCG GAC AGT GCC AAC AAC CT) and GP72anti (CGC CGA ACT TCC AAC CAT CAG) were used. We initially heated the lid at 105°C for 2 min, and then for 5 min at 95°C, followed by 35 cycles of 30 s at 94°C, 1 min at 60°C, 1.5 min at 72°C, and a final extension step of 10 min at 72°C. The size of amplicon is 1200 bp.
PCR-RFLP 1F8 and gp72 assays
After PCR assays, the digestion of each amplicon was performed in a final volume of 10 lL using 10 U of each restriction enzyme, using the conditions recommended by the manufacturer (MBI-Fermentas; New England Biolab). Ten microliters of PCR-RFLP products were analyzed by electrophoresis in 3% UltraPureÔ Agarose 1000 gels for 1 h 30 min. All assays were performed with excess of endonuclease to reduce possible errors in data acquisition caused by incomplete digestions.
Results

Cyt b nucleotide sequences
The length of Cyt b sequences amplified by PCR was 516 bp. The sequencing of the Cyt b locus found different alleles among the 56 T. cruzi stocks, samples, and clones under study. The likelihood tree (Fig. 1) showed three defined clusters (TcI, TcII, and TcV together with TcVI) supported by significant bootstrap values. A rather heterogeneous TcI clade was observed, with two major subgroups supported by significant bootstrap values (Fig. 1, subgroups A and B) . Subgroup A was detected in T. cruzi stocks studied here, and subgroup B was described earlier from blood samples of reservoir species of Chile (Capra hircus and Octodon degus) (Spotorno et al. 2008) . Within subgroup A, there is a high genetic diversity, with two subgroups that have low bootstrap values. A similar situation was found among the TcII stocks; at least, two subgroups of TcII parasites were detected, even though clustered with low bootstrap values; the major group (A) and a minor group composed of the stocks IVV, MxCh88, Vov2, and TU18 (B). However, stock Vtv grouped with the Brazilian Esmeraldo clone. Finally, the third clade of T. cruzi contained the hybrid TcV and TcVI stocks, which represented a homogeneous cluster of parasites. This figure also shows T. cruzi stocks from other countries (see Table 1 ).
Minicircle DNA blotting and hybridization
The definition of T. cruzi stocks with five genotype specific DNA probes and hybridization tests allowed the differentiation of a large part of the TcI stocks under study with the probe from T. cruzi clone sp104 (TcI) (Fig. 2) . All of the 33 studied TcI stocks showed a hybridization band except for a subgroup of TcI (AP, VGM, xd96, and SAB108). Figure 2 shows a representative result of some TcI stocks of this subgroup and the hybridization results. Similar T. cruzi stocks from Argentina (CAI/72), Bolivia (862039), and Perú (V10P and V15P) were detected by this probe (not shown). Two other probes (CBB cl3 and IVV cl4) derived from TcII clones resulted complementary to subclassify the panel of the 12 TcII stocks studied. The probes derived from T. cruzi clones IVV and CBB cross-hybridized with stocks MxCh88, IVV, and MVB and stocks CBB, MCH3, MCV, MxCh46, sp153, and v1738, respectively (Fig. 3B, C) . However, a T. cruzi stock classified as TcII (vTV) by the Cyt b sequence did not crosshybridize with any TcII or any other probe tested under the same stringency conditions. This figure also shows that these probes do not cross-hybridize with other TcII stocks of Brazil (Esm cl3, MAS1) or with TcIII and TcIV clones (CAN III cl1 and M5631). Figure 4 shows representative results with T. cruzi stocks and probes from the TcI, TcII, and TcV clones. Cross-hybridization was observed with the homologous probe but not with any other probe tested ( Fig. 4B-E ). This Figure also shows that the MVB stocks corresponded to a mixture of TcI and TcII (IVV), and the vOV6 stock is a mixture of TcII (IVV) and TcV. Finally, the TcVI probe only crosshybridized with the homologue represented by T. cruzi stock CH2 (Fig. 4F) . DNA probes TcV and TcVI also crosshybridized with the homologous T. cruzi clones (Table 2 under the same hybridization conditions with parasites from other South American countries as shown in Figure 5 . These results demonstrate the universal characteristics of the DTUs TcV and TcVI. Finally, all T. cruzi stocks studied were genotyped with this marker except for the vTV stock.
1f8 and gp72 PCR-RFLP
The two nuclear genes (1f8 and gp72) studied by means of PCR-RFLP proved to be necessary and complementary to Figure 6 . TcI, TcII, TcV, and TcVI generated a characteristic RFLP with 1f8/Alw21I. The fragment pattern for TcIII and TcIV was similar to that of TcV and TcVI; since it was not possible to distinguish them with this molecular marker, an additional marker, gp72/TaqI, was needed. The corresponding RFLP for the same group of parasites from gp72/TaqI generated characteristic fragments specific for TcI, TcII, and the hybrids TcV and TcVI. All T. cruzi stocks TcI, TcII, TcV, and TcVI studied here corresponded to the profiles just described. As for 1f8/Alw21I, this molecular marker alone did not differentiate between TcIII, TcIV, and TcVI; thus, two markers were required to genotype T. cruzi stocks.
Discussion
An understanding of the genetic diversity of any microbial pathogen is crucial to define the species, especially for epidemiologic research diagnostics, evolutionary and biomedical studies. The phylogeny of the Chilean T. cruzi stocks by means of Cyt b nucleotide sequence revealed three major mitochondrial clades as previously described (de Freitas et al. 2006) : clade A of T. cruzi stocks corresponds to T. cruzi I; clade B to hybrids (TcV and TcVI); and clade C is exclusively T. cruzi II. Parasites described here belonging to Clade A proved to be heterogeneous by both Cyt b nucleotide sequence and minicircle hybridization, but homogeneous for 1f8 and gp72 PCR-RFLP. Two major TcI haplotypes were detected in this and a previous sample by means of Cyt b nucleotide sequence. Interestingly, the direct analysis of T. cruzi from Chilean reservoir blood samples revealed a genetically distant subgroup of TcI not present in the stocks studied here (Spotorno et al. 2008) . Minicircle hybridization with the DNA probe (TcI) detected 29 out 33 of the T. cruzi stocks studied, except for a few TcI stocks that appear to have a rather different minicircle class composition, as they not cross-hybridize with the probe. The detection of only one major T. cruzi clone TcI by the Cyt b sequence or minicircle hybridization is probably due to the strong parasite selection that occurs during isolation and culture (Bosseno et al. 2000) . By contrast, other genotyping methods based on multilocus enzyme electrophoresis, and molecular karyotype analyses applied to equivalent panels of Chilean T. cruzi stocks, generated several subdivisions within TcI (Henriksson et al. 1993 , Venegas et al. 1997 , Solari et al. 1998 , Barnabé et al. 2001 . This observation indicates the high resolution power of these complex analytical methods compared with the more simple method used here. Clade B is composed of a homogeneous group of parasites for the Cyt b gene sequence, while minicircle hybridization allows detection of two different DTUs using selected DNA probes generated from TcV and TcVI clones. These probes were universal; they recognized homologous DTUs from other countries. This result was also obtained by nuclear loci PCR-RFLP, which distinguished TcV from TcVI in this sample by the nuclear markers 1f8 and gp72 but not by either alone. It is worth mentioning that genotyping of TcV and TcVI in the Chilean sample was only possible, as TcIII and TcIV have not been documented in Chile, because the marker Cyt b does not resolve DTUs TcV and TcVI. Probably since these are recent and given the evolution taxa of the Cyt b gene, this does not allow a clear distinction among these hybrids.
The third clade described here shows some heterogeneity among T. cruzi II (clade C). At least two groups of parasites were detected by means of the Cyt b gene sequence and minicircle hybridization, which resulted in two perfectly corresponding subgroups of parasites. The Tc II stocks analysed here were similarly grouped by means of Cyt b gene sequence and minicircle hybridization with two DNA probes (CBB and IVV). These TcII have been described before (clonets 33 and 32) in Chile and Bolivia (Tibayrenc et al. 1986 ). These subgroups were also previously characterized by molecular karyotype analysis (Henriksson et al. 1993 ) and appear to be the ancestors of TcV and TcVI (Westenberger et al. 2006b ). Finally, a third subgroup appears to exist, even though only one T. cruzi stock (vTV) was detected in this study, which clustered with the Esmeraldo clone of Brazil.
Thus far, the amount of sequence variance among the maxicircles in the different DTUS does not distinguish between the hybrid DTUs (Sturm and Campbell 2010) . The phylogenetic analysis of all available Cyt b gene sequences, thus, allows a robust definition and unambiguous characterization of most T. cruzi clades and subgroups previously described, and the identification and distinction of all Chilean samples from reservoirs (Spotorno et al. 2008) . These include clades C and A, which were also the most divergent in all trees based on cytochrome sequences, as well with microsatellite data (de Freitas et al. 2006 ). This finding, together with the comparison of two complete maxicircle sequences (Westenberger et al. 2006a) , and the very recent identification of new T. cruzi I haplotypes (Herrera et al. 2007 , Cura et al. 2010 indicate that there is still much genetic variation to uncover in the complex variability, especially among the ancestral DTU TcI of T. cruzi. It is worth mentioning that all the studied T. cruzi stocks were unambiguously genotyped with all the genetic markers used. All seem to be homogeneous and have a clonal characteristic, even though they were not cloned before the analysis. This characteristic is not observed in T. cruzi from Chilean biological samples, where mixed infections (over 40%) are frequent in vertebrate and invertebrate hosts studied by minicircle hybridization (Coronado et al. 2006 (Coronado et al. , 2009 . However, mixed infections from T. cruzi stocks are detected but not as frequent (5%); only two cases were detected in this study, in the vOV6 and MVB stocks (Torres et al. 2004 ). It has been described that processes such as T. cruzi isolation and culture favor the selection of some T. cruzi clones from a mixture of T. cruzi, thus allowing the permanence of only some T. cruzi clones after prolonged culture (Deane et al. 1984 , Bosseno et al. 2000 . Two of the three molecular markers used here present some limitations for epidemiological studies. The detection limit to study the nuclear genes 1f8 and gp72 is close to 5-50 parasite equivalents/assay, and the detection limit for Cyt b gene sequencing is 5 parasite equivalents/ assay. Minicircles are more easily amplified by PCR due to their high copy number/parasite (0.01 parasite equivalents/ assay); therefore, they may be used for direct genotyping without the bias of parasite isolation and culture. We did not observe any genetic isolation with geographical distance in the T. cruzi populations under study.
In the current study, we confirmed with different characterization methods that the DTUs circulating in the sylvatic and domestic transmission cycles of Chile are TcI, TcII, TcV, and TcVI. This study also showed that DTUs TcI and TcII are heterogeneous and that TcV and TcVI are homogeneous. However, some molecular characterization techniques have higher resolution power, such as minicircle hybridization and Cyt b gene sequencing; thus, the importance of selecting the appropriate molecular tools to determine DTUs in T. cruzi populations from parasite stocks or direct biological samples. Future studies should include other more powerful markers to evaluate their merits for taxonomic purposes.
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